MicroRNAs (miRNAs), small non-coding RNAs that regulate gene expression post-transcriptionally, are involved in many complex cellular processes. Several miRNAs are differentially expressed in hematopoietic tissues and play important roles in normal differentiation, but, when aberrantly regulated, contribute to the abnormal proliferation and differentiation of leukemic cells. Recently, we reported that a small subset of miRNAs is differentially expressed in acute promyelocytic leukemia (APL) blasts and is modulated by treatment with all-trans-retinoic acid (ATRA). In particular, PML/RARa-positive blasts from APL patients display lower levels of miRNA let-7c, a member of the let-7 family, than normal promyelocytes and its expression increases after ATRA treatment. In this study, we investigated the effects of let-7c in acute myeloid leukemia (AML) cells. We found that ectopic expression of let-7c promotes granulocytic differentiation of AML cell lines and primary blasts. Moreover, we identified PBX2, a well-known homeodomain protein whose aberrant expression enhances HoxA9-dependent leukemogenesis, as a novel let-7c target that may contribute to the AML phenotype. Together, these studies raise the possibility that perturbation of the let-7c-PBX2 pathway may have a therapeutic value in AML.
INTRODUCTION
Acute myeloid leukemia (AML), the most common leukemia in adults, is a heterogeneous clonal disorder characterized by the accumulation of differentiation-arrested myeloid progenitor cells (blasts) in the bone marrow, ultimately leading to hematopoietic failure. Current treatments induce complete remission in most patients, but survival rate remains the lowest of all leukemias. 1 AML comprises different subtypes, one of which, acute promyelocytic leukemia (APL), is characterized by maturation arrest at the promyelocytic stage of development. Differentiation arrest is caused by expression of PML/RARa, a fusion protein with oncogenic properties, which interferes with myeloid differentiation by repressing transcription of retinoic acid (RA)-responsive genes, an effect reversed by treatment with All-TransRetinoic Acid (ATRA). 2 MicroRNAs (miRNAs) are small non-coding RNAs that regulate gene expression post-transcriptionally. 3 Their function has been linked to the regulation of several cellular processes, including the effects of oncogenes or tumor suppressor genes in the process of neoplastic transformation. 4 A number of miRNAs are differentially expressed in hematopoietic tissues in vivo and play an important role as regulators of normal differentiation and of the aberrant proliferation and differentiation of leukemic cells. [5] [6] [7] [8] [9] [10] [11] Moreover, miRNA expression signatures might discriminate AML from ALL 12 and from normal bone marrow CD34 þ cells. 13 We have shown that a small subset of miRNAs is differentially expressed in APL blasts and modulated by ATRA treatment. Interestingly, we identified let-7c as one of the miRNAs down-regulated in APL blasts at diagnosis, compared to in vitro-differentiated normal promyelocytes. 6 Let-7c belongs to the let-7 family of miRNAs that play important roles in various cellular processes, and distinct family members appear to be specifically deregulated in certain cancers 14 and references therein. Low expression of let-7 family members correlates with increased transformation capacity in vitro and poor survival in vivo.
14 In AMLs, expression of let-7c was down-regulated in patients with t(8;21) and inv (16) as well as in PML/RARa-positive APL blasts. 6, 15 Although several let-7 family targets (RAS, MYC, Lin28 and HMGA2, as well as other cell cycle progression genes) have been identified and assessed for their roles in tumorigenesis, 14, [16] [17] [18] [19] [20] putative targets of let-7c that may contribute specifically to the AML phenotype have not been experimentally validated.
Here, we investigated the functional role of let-7c in AML and show that, when ectopically expressed, it induces granulocytic differentiation. Moreover, we have identified PBX2, a gene required for HoxA9-dependent immortalization of myeloid cells, as a novel target of let-7c that may contribute to the AML phenotype and provide a target for therapeutic intervention.
RESULTS AND DISCUSSION
To investigate the role of let-7c in AML, we assessed the consequences of its over-expression in the NB4, HL-60 and U937 myeloid cell lines. We observed that levels of the a-integrin CD11b, a membrane antigen associated with granulo-monocytic differentiation, were higher in let-7c-overexpressing cell lines and were further increased upon ATRA treatment (Figure 1a ). Let-7c overexpression was also accompanied by variable increases in the levels of other membrane antigens such as the a-integrins CD11a and c and the b2-integrin CD18 (Supplementary Figure 1) . Compared to mimic negative control-transfected cells, over-expression of let-7c in NB4 and HL-60 cells induced a more mature cell morphology as revealed by: (i) reduced cell size and nucleus-to-cytoplasm ratio; and (ii) detection of indented-shaped and convoluted nuclei (Figure 1b and Supplementary Figure 2) . In HL-60 and U937 cell lines, over-expression of let-7c had no effect on cell proliferation, as revealed by DNA content analysis and cell counts; instead, let-7c over-expression led to a slight inhibition of NB4 cell proliferation (Supplementary Figure 3 and data not shown).
Consistent with these findings, we also observed increased expression of CD11b in let-7c-lentivirally transduced primary blasts from the bone marrow of four newly diagnosed AML patients (Figure 1c) . Comparison of CD11b expression in three primary AML patients transfected with let-7c or a mimic negative control miRNA showed higher levels of CD11b after let-7c transfection (Supplementary Figure 4) , confirming that its effects are specific. Together, these data strongly suggest that let-7c induces granulo-monocytic differentiation of AML cells and, in let- Let-7c role in AML A Pelosi et al 7c-expressing myeloid cell lines, this process was not accompanied by changes in cell counts and cell cycle distribution.
Under appropriate culture conditions, AML cells can be induced to differentiate along the monocytic and/or the granulocytic lineage, supporting the bipotential granulo-monocytic nature of AML blasts. 21, 22 To gain further insight in the let-7c-mediated AML cell differentiation, we investigated if this process was lineagespecific. As shown in Figure 1d , left panel, let-7c expression was increased upon ATRA-induced granulocytic differentiation of NB4 and HL-60 cells, but was essentially unchanged upon induction of monocytic differentiation by treatment with TPA and Vitamin D3 (NB4) or TPA alone (HL-60). In agreement with these lineagespecific changes in let-7c levels, ectopic expression of let-7c in NB4 and HL-60 cells did not induce the expression of the monocytic-specific membrane antigen CD14 (Figure 1d , right panel). Together, these findings suggest that the granulocytespecific pro-differentiation role of let-7c in AML cells is functionally related to its expression during granulocytic differentiation.
Although numerous studies have described diverse let-7 family targets, putative let-7c-regulated targets that may contribute specifically to the AML phenotype have not been i dentified yet. 14, [16] [17] [18] [19] [20] Screening of potential targets by miRanda (http://www.microrna.org/microrna), TargetScan 5.2 (http://www. targetscan.org), Pictar (http://www.pictar.org) and miRDB (http:// mirdb.org/miRDB/) algorithms, 23, 24 yielded several dozen to hundreds of putative let-7c target genes. To narrow down the analysis to a manageable number of candidates, we studied potential targets identified by at least three databases. A selected list of let-7c targets, grouped by biological function, is reported in Figure 2a , left panel. Among these, experimentally validated targets such as RAS, MYC, Lin28 and HMGA2, could be implicated in AML. 10, 14, 25 However, our aim was to focus on novel, not experimentally validated let-7c targets, potentially involved in its pro-differentiation function in myeloid cells. To this purpose, we focused on PBX2 and PBX3 because of their involvement in leukemias. 26 PBX genes belong to the Three Aminoacid Loop Extension (TALE) superfamily of homeodomain transcription factors which form heteromeric complexes with Hox and Meis proteins. 27 ,28 PBX2 and PBX3 3'UTR contain two putative let-7c binding sites (Figure 2a , right panel). To assess whether these two mRNAs are let-7c targets, we evaluated the levels of the encoded protein in let-7c-over-expressing NB4 cells. We found that ectopic expression of let-7c caused a decrease in PBX2, but not PBX3, protein levels (Figure 2b ), an effect confirmed in HL-60 and U937 myeloid cells (Figure 2c ). Let-7c over-expression also induced a decrease of PBX2 mRNA expression (Figure 2d) . Such decrease appears to correlate better with reduced PBX2 protein levels in U937 than in NB4 and HL-60 cells (Supplementary Figure 5) , suggesting that, in these two cell lines, ectopic expression of let-7c represses PBX2 expression also by a mechanism of translational inhibition.
Next, we evaluated the effect of ATRA treatment on PBX2 protein levels in AML cells. ATRA treatment affected only slightly PBX2 expression in U937 and NB4 cells ( Figure 3a , upper panel); however, it led to increased PBX2 mRNA levels ( Figure 3a , lower panel). The discrepancy in PBX2 mRNA and protein levels suggests that post-transcriptional mechanisms, such as impaired translation of PBX2 mRNA, are involved in the regulation of PBX2 expression by ATRA. As expected, let-7c was markedly up-regulated in ATRAtreated NB4 and U937 cells (Figure 3b ), suggesting that PBX2 post- Figure 1 . Over-expression of miRNA let-7c affects differentiation in AML cell lines and primary blasts. (a) Myeloid cell lines were electroporated (Nucleofector 4D system, Lonza, buffer SF) either with a miRIDIAN hsa-let-7c mimic (let-7c-mimic; 600 nM, Dharmacon) or miRIDIAN mimic negative control #2 (ctr-mimic; 600 nM, Dharmacon). In standardization experiments, transfection efficiency ranged from 41 to 65%, based on the uptake of the fluorescent transfection indicator siGLO (Dharmacon RNATechnologies, Lafayette, CO; data not shown). 24 h after transfection, cells were treated with ATRA (1 mM) for 48 h and analyzed for let-7c and membrane antigen CD11b expression. Total RNA was isolated using Trizol Reagent (Invitrogen). (upper panel) Quantification of ectopic let-7c expression in the indicated myeloid cell lines was assessed by reverse transcriptase reaction using stem-loop primers followed by quantitative real-time polymerase chain reaction (qRT-PCR) performed in accordance with manufacturer's instructions (Applied Biosystems Inc., Foster City, CA, USA) on an Applied Biosystem 7500 Real Time PCR System SDS v1,2. Samples were normalized for RNU19 small RNA expression. Real-time PCR was performed in triplicate, including no-template controls. Values are reported as fold changes of let-7c-mimic compared to ctr-mimic. Error bars indicate s.e.m. (n ¼ 3). ***P value o0.001 (Student's t-test). analyzed by fluorescence activated cell sorting as described. 7 Values are expressed as MFI fold changes compared to mock infected cells. Error bars indicate s.e.m. (n ¼ 3). *P value o0.05 (Student's t-test). Methods: Leukemia blasts were obtained from bone marrow collected at diagnosis from four AML patients with normal karyotype. Informed consent was obtained from the patients and the study was approved by the review board and ethic committee of 'SC Ematologia' Azienda Ospedaliera Universitaria, Policlinico Tor Vergata in accordance with the Declaration of Helsinki. Blasts isolation and molecular characterization of major fusion proteins were performed as described. 34 RNA extraction, RT-PCR reactions, mature miRNA quantification and CD11b expression was performed as described in the legend of Figure 1a . For the lentivirus let-7c construction, a pU1-let-7c plasmid was generated by cloning a fragment of the pri-let-7c (from À 68 to þ 146 bp relative to the 5' end of pre-let-7c sequence) into the pSP65-U1 cassette plasmid. The U1-let-7c expression cassette was then sub-cloned into the EcoRV site of the lentiviral vector pRRLSIN-cPPT-PGK-GFP-WPRE. The 3th generation packaging kit was purchased from Invitrogen and used according to the manufacturer's instructions. Infective particles were produced and utilized as previously described. 7 (d) (left panel) Mature let7c expression in the indicated myeloid cell lines treated with differentiation-inducing agents was assayed as described in a. Samples were normalized for expression of RNU19 small RNA. For induction of granulocytic differentiation, ATRA (Sigma) was added at a final concentration of 1 mM for 48 h. For induction of monocytic differentiation, HL-60 cells were treated with TPA alone (50 nM, 48 h), whereas NB4 cells were treated with TPA and Vitamin D3 (200 nM each) as described. 21, 22 Values are reported as fold changes of let-7c levels in treated versus untreated cells. Error bars indicate s.e.m. (n ¼ 3). *P value o0.05 (Student's t-test). (right panel) Expression of monocytic-specific membrane antigen CD14 in let-7c-mimic-or ctr-mimic-transfected NB4 and HL-60 cells, untreated or treated with ATRA (1 mM; 48 h). cDNAs were amplified using the TaqMan Gene Expression assay (Hs 02621496_s1 Applied Biosystems). Samples were normalized to levels of b-Actin mRNA transcripts. Values are reported as fold changes compared to untreated ctr-mimic transfected cells. Error bars indicate s.e.m. (n ¼ 3).
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A Pelosi et al transcriptional negative regulation is mediated, at least in part, by this miRNA. Consistent with these findings, expression of let-7c and PBX2 protein but not PBX2 mRNA was inversely correlated in 7 out of 8 AML patient samples (Figure 3c ). Together, these results suggest that let-7c could dampen an increase in PBX2 expression in ATRA-treated AML cells. To investigate this possibility, we knocked-down let-7c expression in NB4 and U937 cells and assessed expression of differentiation markers and PBX2 levels in untreated and ATRA-treated cells. We found that let-7c knockdown significantly reduced CD11b up-regulation upon ATRA treatment in both cell lines (Figure 4a , middle panel). Interestingly, let-7c knock-down also led to an increase of PBX2 protein levels upon ATRA treatment (Figure 4a , lower panel).
To confirm that PBX2 is a direct target of let-7c, a human PBX2 3'UTR fragment with or without let-7c binding site sequences (PBX2-D543-549, D611-617, À D543-617; Figure 4b , left panel) was cloned downstream of the firefly luciferase reporter gene. Of interest, the relative luciferase activity of the reporter with wildtype 3'UTR was suppressed upon co-transfection with mimic let-7c, whereas that of the deletion mutant reporters was not, suggesting that let-7c suppresses gene expression through interaction with its binding sequence in the 3'UTR of PBX2 (Figure 4b, right panel) . Finally, to evaluate whether PBX2 is a target involved in the pro-differentiation function of let-7c in AML, we assessed the effects of PBX2 knock-down on cell differentiation. As shown in Figure 4c , PBX2 down-regulation induced an . Anti-actin (CP01, Ab-1, Calbiochem), was used as loading control whereas anti pan-RAS (OP40, Ab-3, Calbiochem), a well-known let-7 family target, was used as positive control. In the lower panel, proteins were quantified using the densitometry function of the ImageJ software (NIH, U.S.A), normalized to actin within the same sample and expressed as fold changes compared to control. Three independent experiments are presented. Numbers represent the average density (in arbitrary units) detected by the software normalized for the ctr sample. Error bars indicate s.e.m. (n ¼ 3). *P value o0.05 (Student's t-test). (c) Western blot assays were used to monitor the expression level of endogenous PBX2 protein in HL-60 and U937 cells, 72 h after transfection with let-7c-mimic or control mimic. For each cell line, a representative experiment is shown, and the results from the densitometric analysis of three independent experiments are presented in the histograms. Mean ± s.e.m. (n ¼ 3). *P value o0.05 (Student's t-test). (d) Expression of endogenous PBX2 mRNA is suppressed by let-7c. PBX2 RNA quantification in the indicate myeloid cells transfected with let-7c-mimic or control-mimic, was performed using SYBR Greenbased qRT-PCR as described. 6 GAPDH gene expression was used as endogenous control. Results (mean±s.e.m. of three independent experiments) are expressed as fold changes in let-7c mimic versus control-mimic-transfected cells. *P value o0.05 (Student's t-test).
Let-7c role in AML A Pelosi et al , with 50 ng of Renilla luciferase pRL-TK and 0.8 mg of firefly luciferase reporter plasmid containing wild-type or the indicated deleted PBX2 3'UTRs (see below for PBX2 3'UTRs plasmid details) and 40 pmol of either the hsa-let-7c mimic or ctr-mimic RNA oligonucleotides. The pRL-TK vector providing constitutive expression of Renilla luciferase was co-transfected as an internal control to correct differences in both transfection and harvest efficiencies. 48 h post-transfection with let-7c or control RNA mimic, cells were lysed and luciferase activity quantified using the Dual Luciferase Reporter kit (Promega Inc.), as reported. 35 Firefly luciferase activity of each sample was normalized by Renilla luciferase activity. Results are expressed as fold activation relative to the basal activity of pGL3 empty Control vector (control). The normalized luciferase activity, set as mean of at least three independent experiments done in duplicate, is shown. Error bars represent the mean ± s.e.m. (n ¼ 3). *P value of o0.05 (Student's t-test). The human PBX2 3'UTR (NM_002586) segment containing the target sites for let-7c was amplified by PCR from genomic DNA and cloned into pGL3 Control vector (Promega) downstream of the luciferase gene. The specific primers used are available upon request. The deletion mutants were obtained by restriction site digestions. All the plasmids were verified by sequence analysis. (c) (upper panel) Expression of endogenous PBX2 mRNA and protein after electroporation of small interference RNAs (siRNA) targeting human PBX2 (siPBX2, 600 nmol; ONTARGETplus SMARTpool, Dharmacon). The control RNA duplex (si-ctr 600 nmol; ON-TARGETplus Non-targeting pool, Dharmacon) for siRNA had no homology to any human gene sequences. For PBX2 mRNA, value is reported as fold changes compared to control-transfected cells. Error bars indicate s.e.m. (n ¼ 3). *P value o0.05 (Student's t-test). For western blot a representative experiment, performed as described in the legend of Figure 2b increase in CD11b expression, suggesting that it contributes to the pro-differentiating effect of let-7c. However, PBX2 knock-down did not induce CD11b expression as effectively as forced expression of let-7c (compare Figure 4c with Figure 1a) , suggesting that this miRNA could induce AML differentiation, in part, independently of PBX2. Indeed, analysis of additional let-7 targets characterized in other cell contexts and with a potential role in normal and malignant hematopoiesis, 10, 14, [16] [17] [18] [19] [20] 25 revealed that levels of RAS and Lin28 were clearly down-regulated in let-7c over-expressing NB4 cells (Supplementary Figure 6) . By contrast, expression of MYC was slightly decreased, and levels of HMGA2 did not change at all (Supplementary Figure 6) . These data, together with those recently published by other groups, 10, 29, 30 suggest that Lin28 and RAS are let-7c target genes involved in its prodifferentiation function in myeloid cells. In particular, knockdown of Lin28A in bone marrow cells led to hematopoietic lineageskewing, with an increase in myeloid cells and a decrease in B-cell numbers 29 and let-7-mediated megakaryocytic cell differentiation was blocked by Lin28 overexpression. 30 Regarding RAS, activating mutations of N-RAS are common in AML 31 and K-Ras cooperates with PML-RARa in inducing an APL-like disease with high penetrance and short latency. 32 Moreover down-modulation of RAS protein by ATRA in NB4 cells is, in part, mediated by let-7 family members.
In summary, we have shown that let-7c promotes granulocytic differentiation in AML, and have identified and experimentally validated PBX2 as a novel let-7c target in myeloid cells.
Since PBX2 regulates normal and abnormal biological processes through complex formation with Meis1 and HoxA9, 27, 28 it would be of interest to assess whether subsets of HoxA9-regulated genes are also modulated upon perturbation of let-7c expression. Moreover, since Meis1-HoxA9 expression is required for MLLdependent leukemogenesis, 33 it would be interesting to test whether let-7c overexpression can also suppress proliferation of leukemic cells expressing MLL-chimeric proteins.
